Phospholipase D2 (PLD2) is an enzyme that produces phosphatidic acid (PA), a lipid messenger molecule involved in a number of cellular events including, through its membrane curvature properties, endocytosis. The PLD2 knock out (PLD2KO) mouse has been previously reported to be protected from insult in a model of Alzheimer's disease. We have further analysed a PLD2KO mouse using mass spectrophotometry of its lipids and found significant differences in PA species throughout its brain. We have examined the expression pattern of PLD2 which allowed us to define which region of the brain to analyse for defect, notably PLD2 was not detected in glial-rich regions. The expression pattern lead us to specifically examine the mitral cells of olfactory bulbs, the Cornus Amonis (CA) regions of the hippocampus and the Purkinje cells of the cerebellum. We find that the change to longer PA species correlates with subtle architectural defect in the cerebellum, exemplified by ectopic Purkinje cells and an adult-onset deficit of olfaction. These observations draw parallels to defects in the reelin heterozygote as well as the effect of high fat diet on olfaction.
Introduction
Phospholipase D (PLD) is a signalling enzyme that catalyses the hydrolysis of the membrane lipid phosphatidylcholine (PC) to generate a soluble choline head group and the lipid phosphatidic acid (PA) [1] [2] [3] . With its small negatively-charged head group and two large acyl chains that confer a "cone-like" morphology, PA triggers a conformational change in the membrane that results in local negative folding. PA is also a bioactive lipid that regulates protein position by attracting their positively charged PA-binding domains to the membrane, and sometimes modulates their activity [4] [5] [6] . The PLD gene family comprises six members, however only PLD1 and PLD2 have been clearly demonstrated to hydrolyse PC. Whilst PLD1 is associated Brains were sectioned on a Leica VT1000S vibratome in 70 micrometre thick sections. Sections were mounted in DABCO/Tris/glycerol and were analysed using an Olympus 1X81 microscope and FV1000S Leica confocal microscope. Ectopic PCP2-GFP positive Purkinje neurons were counted and quantified per brain. There were 3 wild type of either sex and 3 females and 5 male knock out analysed. Statistical analysis was T-test. All animals were adults and ranged between 10 and 15 weeks of age.
Behaviour
We assembled two cohorts of gender and aged-matched related mice from our PLD2KO mouse line, derived from heterozygotic crossing. These mice underwent the following behavioural experiments:
1. Modified SHIRPA a. Modified SHIRPA protocol was as described in [21] 2. Open field a. Mice were recorded for five minutes exploring an arena 50x50 cm. They were timed for how long it took them to enter a central area, which covers 30x30 cm. Their movements were traced using Noldus ethovision XT (Noldus Information Technology, Walgeningen, the Netherlands).
Food burrowing test
a. Mice were used to Cadbury's chocolate buttons (Cadbury's, Bournville, UK) for a week. They were then placed in a cage with fresh bedding under which a piece of chocolate was hidden. Mice were timed until they found the chocolate or 10 minutes had elapsed.
For SHIRPA, Food burrowing test and Open Field test, mouse cohort was made up of 11 female and 12 male PLD2KO and 11 female and 15 male wild type. Mice tested were between the age of 14 and 20 weeks old. 4 . Rotarod a. A cohort of adult 5 male and 5 female PLD2KO and 2 male and 8 female Wild Type was used. Mice age ranged from 18 to 30 weeks. Mice were tested for five minutes on the accelerating rotarod, speed gradually increased from 3.5 rotations per minute (rpm) to 35 rpm on the fourth minute and then stayed constant for the last minute. Mice were scored according to whether they fell off and how long they stayed on the rotating rod.
Odour habituation/deshabituation
a. A cohort of 11 male and 8 female PLD2KO and 6 male and 13 female wild type was tested. For three day running, a cotton bud soaked in water perfumed with orange food flavouring (1:10000) was anchored hanging in the cage of mice being tested, 1 cm above bedding. On the fourth day, the cotton bud was soaked with water perfumed with vanilla (1:10000). One by one, each mouse was recorded for how many times its nose came into contact with the cotton bud. There was no difference between cohorts that had or had not tasted chocolate before.
For the purpose of the habituation-deshabituation experiment and food burrowing tests, a second cohort of younger mice was tested at 11 weeks of age. There were 3 male and 3 female PLD2KO mice and 2 male and 3 female wild type mice.
c-fos staining
18 weeks old male PLD2KO mice (n = 4) and Wild Type (n = 7) controls were presented with a cotton bud imbibed with vanilla or chocolate. They were left for 30 minutes before being sacrificed and their brain dissected and fixed in 4% PFA/PBS. The brains were then cryosectioned coronally and serial sections immunostained against c-fos (AbCam) and counterstained with DAPI. The mitral cell layer was then analysed and c-fos positive neurons counted.
Lipidomics
Two cohorts constituting of a total of 12 wild type and 12 knock out adult mice that were age and gender-matched had their brain dissected. Both left and right cortex, hippocampi and olfactory bulbs as well as cerebellum, a region encompassing the caudoputamen, Thalamic and hypothalamic regions and finally a region encompassing the midbrain, pons and medulla were subdissected. Snap-frozen brain samples were pulverised in liquid nitrogen. 0.1mg of each brain tissue sample was extracted and the phosphoinositides derivatised as described by [22] . Phosphoinositides and phosphatidic acid were analysed by mass spectrometry as previously described by [22] , making use of 10ng of 16:0/17:0-PA and 10ng of 16:0-17:0-PIP 3 as internal standards for recovery and quantification of the analysis. Full results are presented in S1 File.
Results

Lipidomic profile of brain regions
The nervous system is a phospholipid-rich tissue where loss of a lipase is likely to have a significant impact, therefore we focussed initially upon changes in the adult brain. To determine if the loss of PLD2 impacted upon the pool of phosphatidic acid lipids, either quantitatively or qualitatively, lipid mass spectrometry was adopted. The brains of WT and PLD2KO mice were dissected and six different regions: the olfactory bulbs (OLF), cortex (CTX), cerebellum (CRB), hippocampus (HP), a region encompassing the striatum, hypothalamus and thalamus (TH) and finally the combined midbrain, hindbrain and medulla (Rest) isolated. These samples were pulverised under liquid nitrogen, the lipids extracted, separated by HPLC and analysed by mass spectrometry. Full results are found in S1 File. The overall PA content relative to the main lipid content was not depleted in any region, suggesting that the activities of additional PA-producing enzymes, for example PLD1, can compensate for the absence of PLD2-produced PA. It is alternatively possible that PLD2 contribute little to the PA pool in the brain. However, the species profile of the PA pool, which is defined according to the length and saturation levels of the two acyl chains that make the backbone of PA, indicated that there are general and regional differences (see Fig 1) . For example, we find significantly less 32: PA in the thalamic region (WT = 2.21%, PLD2KO = 1.63%, P<0.05, Fig 1A) . Likewise, we find significant decrease in 34: PA species in the CRB, TH and Rest regions (Fig 1B) . If all the results are compared as a whole, we find that PLD2KO mice have a highly significant 5% more of the C36: species in all brain regions (see Fig 1G, p<0.005 ). Conversely, we find significantly less of the C32: and C34: species (p<0.005). There is therefore a shift from C32: and C34: towards C36:. While C38: species do show an increase, it is not significant. It is worth noting that the overall lipid composition between regions is somewhat homogenous except in the case of the olfactory bulbs. This may be caused by the presence of lipid rich peripheral glial cells in the glomeruli. The differences observed were not specific to saturated or monounsaturated PA species, which are thought to be preferential products of PLD2 (and indeed PLD1) activity [11] , since polyunsaturated PAs were overall normal except in CTX and TH (see Fig 1E and 1F) . Thus, while there is a quantitatively normal PA pool in PLD2KO brain, its specific acyl chain composition is perturbed by the absence of PLD2, with clear regional differences.
Since the activity of Phosphatidylinositol 4-phosphate (PI4P-5) kinase, the Igamma isoform in particular, can be regulated by changes in PA [23] , we considered that a perturbed pool of PA may have an impact on the phosphoinositide lipid species. Consequently, lipids were extracted from the same brain samples as used for PA analysis, derivatised using trimethylsilane and the phosphoinositides identified by mass spectrophotometry [22] . However, we did not detect a difference in phosphatidylinositol 4,5-bisphosphate (PIP 2 ) levels between WT and PLD2KO brains.
PLD2 expression in the brain
In order to clearly identify which brain region was most likely to be affected by the loss of PLD2, and thus understand if and where the PA imbalance is likely to have an effect, it was necessary to analyse the PLD2 expression pattern. Previously published expression patterns of PLD2, using radioactive in situ hybridisation, antibody staining or Western blotting, have been patchy, lack precision and have been frequently contradictory [10, [24] [25] [26] [27] . Data presented in the Allen Brain Atlas are equally inconclusive [28] . We found that traditional in situ hybridisation did not generate reproducible results, possibly because the PLD2 mRNA expression level is low. To circumvent this problem, we adopted a Locked Nucleotide Amplification (LNA)-based approach [19] . This method, combined with tyramide amplification of the signal, is very sensitive and works extremely well with nervous system tissue. The results showed that PLD2 mRNA detection was not ubiquitous and could be observed in diverse regions of the brain (see Fig 2) . Remarkably, in contrast to the antibody staining profile presented previously [29] , we could not detect any signal in glia-rich regions such as the fimbria, the arbor vitae of the cerebellum, the internal capsule running through the Caudoputamen or the corpus callosum (Fig  2Cfi, 2Darb, 2Eint and 2Fcc ). In contrast, most functional regions of the brain expressed PLD2 mRNA to varying degrees, depending on neuron types. For example, the facial motor nucleus expresses more PLD2 than the neighbouring superior olivary complex (Fig 2GVII and 2GSOC,  respectively) . Likewise, the CA2 region of the hippocampus has noticeably more signal than the surrounding CA1 and CA3 regions, which themselves express far more than the Dentate gyrus where PLD2 is almost undetected (Fig 2C, 2L, 2M and 2N ). In three functional regions, the PLD2 LNA signal stood out within anatomically-defined cell types: the pyramidal cells of the CA regions of the hippocampus, the Purkinje cells in the cerebellum and the mitral cells of the olfactory bulbs (Fig 2CCA1, 2CCA2 , 2CCA3, 2DPJc and 2KMi). These neurons were clearly surrounded by other non-labelled neurons and glia, highlighting either that PLD2 is not expressed in these cells or at such low level as to be undetectable. Therefore, loss of PLD2 from the hippocampus, cerebellum, and the olfactory bulbs may impact on their function, leading to morphological problems that could be reflected in mouse behaviour.
Morphological analysis of the PLD2 KO
We considered if the abnormal PA lipid profile of PLD2KO mouse brain would be reflected in its morphology at tissue and single cell levels. Histological analyses of the PLD2 KO brain using H&E, classical Golgi silver staining or DiI injection methods did not reveal any specific abnormalities: overall architecture of the brain looked normal, the neurons were well distributed in correct positions and their size and density looked normal. However, these methods were limiting since it was not always possible to quickly and reliably follow a single cell from dendritic tip to axon terminal end. To circumvent this problem, we crossed the PLD2KO mice with two strains that express fluorescent markers in neurons that express high levels of PLD2 in the wild type. We used a PCP2-GFP line where GFP expression in the cerebellum is limited to the Purkinje cells and we selected a Thy-YFP line to examine the pyramidal neurons of the hippocampus. While the cerebellum of PLD2KO mouse appeared mostly normal, analysis of the PLD2KO/PCP2-GFP mice revealed a significant and surprising abnormality: we found an increased number of ectopic Purkinje cells in the PLD2KO (WT 24.5 ectopic neurons/cerebellum n = 6 mice, PLD2KO 81.25 ectopic neuron/cerebellum n = 8 mice, p<0.0001, Fig 3) . These cells were either embedded within the deep cerebellar nuclei white matter or formed a second molecular layer, including large dendritic arborisation, at the surface of the normal layer. In contrast, we did not observe any significant difference in the hippocampi of the Thy-YFP mice between WT and PLD2KO.
Behaviour
Biochemical analyses indicated that the brain of PLD2KO mice has an abnormal PA profile. Furthermore, PLD2KO mice have abnormal and mislocated Purkinje cells, suggesting that their function may be affected. Whilst we did not observe an untoward morphology in the mitral cells or the CA pyramidal neurons, it remained possible that they had an abnormal physiology. Mitral cells are necessary for olfaction, CA pyramidal neurons are involved in memory processing and spatial exploration and Purkinje cells are required for fine motor skills. Thus we decided to analyse behaviour in the PLD2KO mice.
Overall, PLD2KO mice live as long as their WT counterparts and do not show any striking behavioural phenotype: they appear healthy, reproduce normally and have no unusual morbidity or weight problems. Indeed, SHIRPA (SmithKline Beecham, Harwell, Imperial College, Royal London Hospital, Phenotype Assessment) index analysis, a set of standardised behavioural observations and tests that measure grooming, activity levels, respiration, gait, muscle tone, reflexes and aggression [21, 30] did not detect any behaviour out of the norm. Nevertheless, SHIRPA comprises a range of observation in an unchallenging environment and if there is a subtle behavioural phenotype this analysis could fail to detect. We tested the mice with the rotarod (Fig 4F) and open field paradigms [31, 32] but again these did not reveal any difference between WT and PLD2KO mice, suggesting that sense of balance and exploratory behaviours are normal. Olfaction was then examined using the buried food test, where the mice are timed In situ hybridisation reveals widespread expression of PLD2. LNA in situ hybridisation detects PLD2 mRNA in a variety of neuronal but not glial structures in the mouse adult brain. A, B: reconstruction of a sagittal section stained with PLD2 LNA (A) and counterstained with Hoechst to show overall histology (B). Scale bar = 2mm. C-J: different regions of the brain magnified from the boxes in (A) with PLD2 LNA (red) and Hoechst counterstain (blue). C: Hippocampus; PLD2 is expressed a high levels in the CA pyramidal layers, specially the CA2 field (CA2, defined by dashed lines) and at lower levels in the dentate gyrus (DG) while it's absent from the fimbria (fi). The lateral dorsal (LD) and lateral posterior (LP) nuclei of the thalamus and the subiculum (sub) also express PLD2. D: Cerebellum; high levels of PLD2 are detected in the Purkinje cell layer (PJc, arrow) and the Cerebellar Nuclei (CBN) but not in the glia of the arbor vitae (arb), the molecular layer (mol) and the granular layer (gra). E: Caudoputamen (CP), PLD2 is detected at low level in all neurons but not in the surrounding glial-rich fiber tracks of the corpus callosum (cc), fimbria (fi) and internal capsule (int, dashed lines). F: Isocortex; layers II-VI of the cortex (CTX) express PLD2 but not the corpus callosum (cc) or the outermost glia-rich layer I (I). G: Pons; PLD2 is expressed at high levels in the facial motor nucleus (VII), at lower levels in the superior olivary complex (SOC) and intermediate reticular nucleus (IRN) and not at all in the rubrospinal track (rust). H: Medulla; high levels of PLD2 are detected in the spinal vestibular nucleus (SPIV), the spinal nucleus of the trigeminal (SPV) and the lateral vestibular nucleus (LAV) but not in the parvicellular reticular nucleus (PARN). I: Hypothalamus; PLD2 positive nuclei of the hypothalamus such as the subthalamic nucleus (STN) and lateral hypothalamic area (LHA) are separated by signal-free glial-rich fiber tracks of the optic nerve (opt) and cerebral peduncle (cpd). J: Midbrain; most neurons express PLD2 such as the inferior colliculus (IC) or the cuneiform nucleus (CUN). The parabrachial nucleus also expresses high levels of PLD2. K: Olfactory bulb: PLD2 is detected at high levels in the mitral cell layer (Mi) and interspersed in a few interneurons in the outer plexiform layer (opl) but not in the glomerular layer (Gl) or the granular layer (Gr). L-N: higher magnification of the CA fields of the hippocampus showing that there is more PLD2 detected in the CA2 field relative to cell content defined by DAPI staining. Scale bars A, B = 2mm C-M = 500 μm doi:10.1371/journal.pone.0162814.g002
to find a small piece of chocolate hidden under clean bedding. Unexpectedly, PLD2KO mice had significant difficulty in finding the bait with 26.1% of them taking more than five minutes and 65.2% not finding it at all (Fig 4A) . In contrast, 52% of the wild-type mice found the chocolate within five minutes and a further 20% between five and ten minutes (p<0.005). This was surprising since PLD2KO mice were as fast as the WT at eating non-hidden chocolate. Therefore, either PLD2KO mice suffer from anosmia, the inability to smell, or they are unable to localise the origin of a smell. To differentiate between these two possibilities, we used an habituation-deshabituation test, where mice are habituated for three days to a cotton bud smelling of orange and challenged on the fourth day with a cotton bud smelling of vanilla which should raise their interest. Since mice are able to see the cotton bud at all time, their interest will only be raised if they can actually smell the difference. Indeed, normal mice became progressively used to the orange-smelling cotton bud and investigated it less every day, but on the fourth day their interest was sharply raised when a new odour was presented (Fig 4C, orange line) . In contrast, and as predicted from the results of the buried food test, the interest of the PLD2 KO mice was not significantly increased by the vanilla-scented cotton bud, confirming that the mice had lost their sense of smell (Fig 4C blue line, p<0.001) . Importantly, if the mice had been anosmic from birth, there would be increased mortality of new-born pups because they rely on their sense of smell to access milk [33] ; this was not the case for the PLD2KO mice. Intriguingly, we found that the onset of anosmia is progressive and sets in between 11 and 14 weeks, as 11 week old PLD2KO mice were undistinguishable from WT mice in the habituation-deshabituation test (Fig 4D) . As a control, we also tested the ability of mice to recognise two different sets of objects that share the same odour, to determine if PLD2KO mice are just uninterested in a new stimuli. We thus used a habituation-deshabituation test on glass marbles, a large clear one for the first three days and a pyramid of four small dark blue ones on the last day. We did not see any difference between WT and PLD2KO mice, indeed their interest was barely raised by the fourth day stimulus.
Anosmia can be triggered by a large number of factors-genetic [34] or environmental such as trauma-and can be caused by either a problem in the primary olfactory circuit, i.e. absence of input from the olfactory epithelium to the mitral cells, or their inability to respond to such input, or a more central problem [35] . To address these possibilities, we challenged 18 week old PLD2KO and WT mice with a variety of smells, quickly isolated their olfactory bulbs, sectioned them and stained with an antibody against c-fos, a marker for neuron activation. If the primary circuit had been malfunctioning, we would expect the PLD2 KO mice to have less c-fos-positive cells in the mitral cell layer than WT mice. On the other hand, if the problem is more central, there should be no difference between the two. Analysis of mice challenged with vanilla, chocolate or urine from the opposite sex did not show any difference in the distribution of c-fos-positive mitral cells ( Fig  4B and 4B') , suggesting that the olfaction deficiency is related to a more central problem, possibly within the hippocampus as it is a target of the mitral cells through the entorhinal cortex.
Discussion
The phospholipase D2 knock out mouse has previously been described as a model with increased resistance to Alzheimer's insult [18] . In keeping with this paper, we provide evidence that PLD2 is expressed widely in the brain, though with varying degrees of expression in the neurons and an absence in glial-rich regions. We have investigated the brain of the PLD2KO mice and determined multiple phenotypes at the biochemical, histological and behavioural levels. Lipidomic analysis of isolated brain regions revealed that the quantitatively normal pool of PA is qualitatively and regionally abnormal, with a small but significant shift of PA pools from the shorter 32: and 34: PA families towards the longer 36: and 38: species. We take comfort in observing a similar trend in the lipidomic data previously presented by Oliveira et al [18] : namely a relative increase in 36: PA species and lowering of 34: species. This suggests that loss of PLD2 has an effect that is compensated overall in quantity by other PA-producing enzymes, but that the molecular species produced are not identical.
Considering that PLD2 is mostly located at the plasma membrane, it is likely that this cellular membrane will be most extensively affected by modifications in the abundance of particular PA species. This apparently small difference in composition has non-negligible effects on brain development and function. This is likely related to the consequent changes in membrane Independent tests indicate that PLD2 KO mice have olfaction defect and that these defects are age-dependent and begin after 13 weeks of age. A: Buried food test; mice were timed for the retrieval of a small piece of chocolate hidden under bedding. In 72% of trials WT mice find the bait in less than 600 seconds, in contrast in only 34.8% of trials are PLD2KO mice able to find it; p<0.005. B and B': Immunostaining of olfactory bulbs cryosections against c-fos (green) and counterstained with Hoechst (blue) identifies activated mitral cells in the mitral cell layer (arrow). Scale bar = 50μm. There is no difference in the number of active, c-fos positive, mitral cells between WT and PLD2KO male mice (blue and red, respectively) that have been challenged with vanilla or chocolate 30 minutes prior to sampling. C: Habituation-deshabituation; mice were used for three days to a cotton bud smelling of orange and on the fourth day were presented with a cotton bud smelling of vanilla. While PLD2KO mice (blue line) do not differentiate the smell, WT mice (orange line) show a regain interest in the new odour; p<0.001. D: The difference in habituation deshabituation response to olfactory cues is age dependent as there is no difference between WT and PLD2KO in mice that are 11 weeks of age, unlike the 14 week-old cohort presented in (C). E: When different objects that have the same smell are presented to the mice, WT and PLD2KO react similarly. F: PLD2KO mice are as good as WT mice at learning and sustaining the accelerating rotarod test.
doi:10.1371/journal.pone.0162814.g004 fluidity and curvature that can be induced by the differences in PA acyl structure. The lack of change in PIP 2 species or content in those tissues in which the loss of PLD2 affected PA molecular species makeup implies that the change in the composition of PA did not affect its ability to interact with and thus regulate the activity of target proteins. It is therefore most likely that the change in PA species, will induce changes in both the bilayer thickness and in curvature and thereby modify cell function including cell motility [2] . Thus, we detected consistent ectopia of Purkinje cells in the white matter and on the surface of the molecular layer in the cerebellum, although this did not overtly affect the motor skills of the PLD2KO mice when tested using the rotarod paradigm. Finally, we found that age-related anosmia develops in PLD2KO mice, even though the primary circuit from the olfactory epithelium to the mitral cells in the olfactory bulb appeared normal, as judged by c-fos staining. This latter result suggests that it is not olfaction per se that is affected by the loss of PLD2, but its central processing. To our knowledge, the combination of Purkinje cells ectopia and olfaction problems have only previously been described as phenotypes in mice where the reelin pathway is perturbed [36] [37] [38] . It is notable that the receptors for this pathway are two lipoprotein receptors, VLDLR (Very Low Density Lipoprotein Receptor) and ApoER2 (Apolipoprotein E2 Receptor), the latter of which has been implicated in Alzheimer's disease [39] . We have analysed the expression of reelin, VLDLR and ApoER2 by Western blotting, but have not detected any differences between PLD2KO and WT mice. However, it is possible that the observed phenotypes are independent of change in the levels of these protein, but rather how they function and how they transmit the signal. For example, PLD2 has been implicated in EGF and mu-opioid receptor endocytosis following ligand activation [4] [5] [6] 40] . It is therefore possible that PLD2 plays a role in the reelin pathway by facilitating signal transduction by endocytosis of the receptors, again pointing to selective effects of PA species change upon membrane properties. Alternatively, it is possible that a more systemic problem in dealing with lipids is indirectly causing the brain phenotypes. This would resonate with a recent report that rats and mice on high fat diet lose their sense of smell [41] . Further investigation is required to tease out these hypotheses.
Our results disagree in some respects with the PLD2 KO presented by Burkhardt et al [12] . Using MRI scans, they found that young and juvenile PLD2 KO brain development is significantly delayed which results in brain up to 50% smaller compared to WT controls. However, at P33, PLD2KO brains appear to have caught up and are no longer different volume wise from WT brains. We did not observe such a striking phenotype between WT and PLD2KO siblings in our mice neither was it reported by Oliveira et al. [18] in their knock out. This discrepancy however could be explained by strain difference. In conclusion, we complement the discovery by others that PLD2KO mice are resistant to Alzheimer's insult [18] by showing that these mice also suffer from anosmia and subtle cytoarchitectural abnormalities that may phenocopy mice with deficiency in the reelin pathway. We speculate that the two are linked, probably through the receptors involved: VLDLR and ApoER2. 
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